 The relation between parenting and children's brain networks connectivity was examined.
A C C E P T E D M A N U S C R I P T
Introduction
Brain development is driven by genetic factors, but also occurs as a function of environmental influences, in such a way that many brain maturation processes are determined by complex A C C E P T E D M A N U S C R I P T interactions between children and their environment (Fox et al., 2010; Greenough et al., 1987; Huttenlocher, 2002) . As such, early relational experiences are thought to have a critical impact on child brain development, and are posited to influence the structure and functioning of the brain well beyond the first years of life (Belsky and De Haan, 2011; Cicchetti, 2016) . However, much of the empirical knowledge about the impact of early relational experience on brain development is based on the study of extremely adverse experiences, suggesting that neglect, maltreatment, and caregiving deprivation can lead to abnormal brain maturation that may profoundly affect child cognitive and socio-emotional development (Cicchetti, 2016; De Bellis and Zisk, 2014; Hart and Rubia, 2012; Tottenham, 2014) . The generalisability of these findings is, however, limited to clinical or otherwise high-risk populations, and it remains unclear whether normative variations in relational experience influence child brain development (Belsky and De Haan, 2011) .
Parent-child relationships are among the most pervasive and potent relational experiences of childhood. The quality of early caregiving relationships forecasts diverse child outcomes such as social and emotional adjustment (Thompson, 2016) , cognitive development (Bernier et al., 2012; Tamis-Lemonda et al., 2001) , and academic achievement (Raby et al., 2015) . Some have argued that such consequences are likely attributable to the intermediate effect of early caregiving relationships on the brain structures that underlie socio-emotional and cognitive processes (Belsky and De Haan, 2011; Gunnar et al., 2006; Tottenham, 2014 ). Yet, empirical work demonstrating the beneficial effects of positive parenting on children's brain development is surprisingly scarce. To date, only a few studies have provided evidence for prospective links between normative variation in the quality of early parenting behaviour and child brain morphology or function. Positive parenting in early childhood predicts structural brain A C C E P T E D M A N U S C R I P T development in later childhood, as indicated by larger total, grey matter, and hippocampal volumes (Kok et al., 2015; Luby et al., 2012) . Functionally, higher levels of positive maternal behaviour when children are 5 months of age are associated with higher frontal resting neural activity, measured via electroencephalography at 10 and 24 months of age, suggesting more advanced functional brain development (Bernier et al., 2016) .
Infants' day-to-day experiences are considered to determine to a large degree which synaptic connections persist and are strengthened by frequent use, and which are eliminated due to underactivity (Huttenlocher, 1979; Kolb et al., 2014; Singer, 1995) . Consequently, caregiving relationships should influence the strength and effectiveness of neural connections and thus fine tune the development of brain networks. The development of the connectivity between the amygdala and the prefrontal cortex (PFC) is affected by extreme caregiving adversity (Gee et al., 2013) , but also by normative variations in caregiving (Thijssen et al., 2017) . In addition, early life stress, even at moderate levels (e.g., stress caused by non-physical conflict between parents), may induce long-lasting changes in the development of functional brain networks (Graham et al., 2015a (Graham et al., , 2015b ). Yet, current knowledge on the effect of the quality of parenting behaviour on brain functional connectivity in typically developing children is restricted to connectivity with limbic structures (Rifkin-Graboi et al., 2015; Thijssen et al., 2017) , and putative caregiving influences have not been explored in other large-scale networks.
There exist a number of indicators of the quality of parenting behaviour during parent-infant interaction. Two in particular have been shown to promote multiple facets of child cognitive and socio-emotional adjustment: (1) mind-mindedness, representing parents' tendency to consider their child as someone who has his/her own mental states, and to comment appropriately on the child's ongoing mental activity (Meins, 1997) , and (2) autonomy support, consisting of
behaviours that encourage children's independent problem solving, choice, and participation in decisions (Grolnick and Ryan, 1989) . Mind-mindedness and autonomy support have both been shown to contribute to children's executive functioning (Bernier et al., 2010; Meuwissen and Carlson, 2015) , socio-emotional competence (Matte-Gagné et al., 2015) , social adaptation (Joussemet et al., 2005) , theory of mind (Kirk et al., 2015; Meins et al., 2013) , and empathy (Centifanti et al., 2016) , and are therefore crucial aspects of parenting related to child cognitive and social development.
Given their involvement in specific cognitive and socio-emotional processes shown to be predicted by mind-mindedness and autonomy support in previous work (i.e., executive functioning, socio-emotional competence, social adaptation, and theory of mind), three brain networks are of particular interest in relation to these parental behaviours: (1) the default mode network (DMN), comprised of the posterior cingulate cortex (PCC), the ventromedial prefrontal cortex (vmPFC) and the angular gyri, is involved in introspective processing, social cognition (e.g., theory of mind, moral cognition), and affective cognition (Andrews-Hanna et al., 2010; Buckner et al., 2008) ; (2) the frontal-parietal central executive network (CEN), anchored in the dorsolateral prefrontal cortex (dlPFC) and posterior parietal cortex (PPC), plays an important role in executive functions (Menon, 2011; Seeley et al., 2007) ; and (3) the salience network (SN), including the anterior insula (AI) and the dorsal anterior cingulate cortex (dACC), is involved in the detection of salient stimuli and the initiation of cognitive control by influencing activation of the CEN and the DMN (Menon, 2011; Menon and Uddin, 2010; Seeley et al., 2007) . In both adults and children, these three networks work simultaneously during executive tasks (Bressler and Menon, 2010; Takeuchi et al., 2013) , social tasks (Chiong et al., 2013; Eggebrecht et al., 2017; Rilling et al., 2008; Xiao et al., 2016) , and cognitive control tasks A C C E P T E D M A N U S C R I P T (Dwyer et al., 2014; Kelly et al., 2008) . Thus, we hypothesized that parental mind-mindedness and autonomy support would be specifically associated with connectivity of these networks. Menon (2013) suggested that the DMN, CEN and SN are "the three most prominent networks to be examined from a development perspective" (Menon, 2013 p.631) , and that analysis of the connectivity within and across these networks provides unique insight into the maturation of core neurocognitive systems. The progressive refinement of these three networks and their interplay throughout childhood leads to gradually more mature cognitive and socioemotional functioning (Menon, 2013; Rubia, 2013) . The reconfiguration (segregation and integration) of the DMN, CEN and SN during child development likely supports the maturation of flexible cognitive control processes (Dwyer et al., 2014; Menon, 2013; Uddin et al., 2011) and social abilities (Eggebrecht et al., 2017; Xiao et al., 2016 ).
The present longitudinal study examined whether maternal mind-mindedness and autonomy support during mother-infant interactions predicted the intrinsic (resting) functional connectivity within and between three core brain networks (DMN, CEN, SN) in late childhood. We hypothesized that higher-quality maternal behaviour during mother-infant interactions, as indexed by higher levels of mind-mindedness (at 13 months of age) and autonomy support (at 15 months), would predict more mature brain connectivity when children were 10 years old, as reflected by adult-like patterns of functional connectivity within and between the DMN, CEN and SN.
Material and methods

Participants
Participants included in the present study (N = 28) were followed annually as part of a larger longitudinal prospective cohort project investigating early relational predictors of several facets
of child development (reference omitted for blind review). Here, we report on the quality of maternal behaviour (mind-mindedness and autonomy support) assessed during infancy, and resting-state functional magnetic resonance imaging (rs-fMRI) data collected when children were 10 years of age. The study was approved by the local human research ethics committee and all families provided written informed consent for participation.
Families were recruited from birth lists randomly generated by the Ministry of Health and Social Services. Inclusion criteria were full-term pregnancy (i.e., at least 37 weeks of gestation) and the absence of any known disability or severe delay in the infant. When children were 10 years of age, they were invited to undergo a magnetic resonance imaging (MRI) exam including an rs-fMRI sequence. Inclusion criteria for the MRI study were the absence of neurological or psychiatric disorders, traumatic brain injury, psychoactive medication, and standard MRI contraindications. Of the 64 families approached for the current study, 39 (60.94%) agreed to participate. However, four (6.25%) of these children were not eligible due to standard MRI exclusion criteria (e.g., wearing braces); thus, 35 children underwent the MRI exam (54.69%).
There were no sociodemographic differences between the 35 children who underwent the MRI exam and the 29 who did not in terms of family income, parental age, education, ethnicity, language, or child sex (see Table 1 , all ps > .21).
Of the 35 families who took part in the MRI study, four were subsequently excluded because the child had a diagnosis of anxiety disorder (1) or attention deficit hyperactivity disorder and received psychoactive medication (3). In addition, the rs-fMRI data of three children were excluded due to significant motion (translation > 2.5 mm or rotation > 2.5 degrees). Therefore, data from 28 children (17 girls and 11 boys, χ2 (1) = 1.29; p = .26) and their mothers were used in the analyses. Note that there were no sociodemographic differences between the final sample
(n = 28) and the other families in terms of family income, parental age, education, ethnicity, language, and child sex (all ps > .25). were home visits during which mother-child interactive sequences were video-taped to assess the quality of maternal behaviour, specifically maternal mind-mindedness at T1 and maternal autonomy support at T2. The third visit (T3) consisted of the MRI acquisition.
Mind-mindedness at 13 months (T1)
Maternal mind-mindedness was assessed when children were 13 months old via a 10-minute free-play sequence between mother and infant. Videotaped interactions were later rated by trained coders using Meins et al.'s (2001) coding system. Five categories of comments were assessed: (1) infant's mental states, such as thoughts, desires, knowledge (e.g. "You like this toy", "You know this game"); (2) mental processes (e.g. "Where do you think the block goes?", "You find this game difficult"); (3) infant's emotional engagement (e.g. "You don't seem willing to play", "You've had enough"); (4) infant's attempts to manipulate other people's thoughts (e.g.
"You're making fun of me"); and (5) mother speaking for the infant (e.g. mother saying "Hello dad, this is your son on the phone", while her infant is playing with a toy phone). Each comment was then coded as appropriate or non-attuned according to Meins et al.'s (2001) guidelines.
However, because non-attuned mind-related comments were extremely rare in this low-risk sample (over 90% of mothers made no such comments at all), this type of comment was not examined further. The number of appropriate comments in each category was summed into a total score, which was used in all subsequent analyses. Previous studies report that frequency scores and proportional scores (controlling for maternal verbosity) yield similar results (Meins et al., 2013 (Meins et al., , 2003 . About half (48.4%) of the videotapes were randomly selected to be independently coded by a second trained rater. Inter-rater reliability on the total number of appropriate mind-related comments (intraclass correlation [ICC]) was excellent, ICC = .87.
Autonomy support at 15 months (T2)
At T2, mothers were asked to help their infant complete three puzzles that were designed to be slightly too difficult for the infants, such that they would require some adult assistance to complete them. Following Whipple et al.'s (2011) rating system, maternal behaviour was rated
on four Likert scales assessing the extent (1-5) to which the mother (1) intervenes according to the child's needs and adapts the task to create an optimal challenge; (2) encourages her child in the pursuit of the task and gives useful hints and suggestions; (3) takes her child's perspective and demonstrates flexibility in her attempts to keep the child on task; (4) provides the child with the opportunity to make choices and ensures that the child plays an active role in completing the task. A high autonomy support score indicates that mothers adjust their behaviour according to child needs, abilities, rhythm, and emotional state. The mean of the four scales for each puzzle were averaged into a total autonomy support score (α = .89), which was used in all subsequent analyses. A randomly selected 56.5% of videotapes were independently coded by a second trained rater. Interrater reliability was excellent, ICC = .86.
MRI acquisition at 10 years (T3)
Neuroimaging data were collected using a 32-channel head coil on a Siemens 3 Tesla scanner (MAGNETOM Trio, Siemens, Erlangen, Germany). Structural data were acquired using two high resolution anatomic sequences: (1) a three-dimensional T1-weighted 4-echo magnetizationprepared rapid gradient-echo sequence (3D-T1-4echo-MPRAGE sagittal; repetition time ( Fonov et al., 2011) ; (4) resulting parameters were applied to normalize the co-registered T1 image and EPI volumes with a voxel size of 2 x 2 x 2 mm; and (5) the normalized EPI images were smoothed at 6 mm full width at half-maximum (FWHM). Finally, the noise reduction step was performed to remove unwanted motion, physiological and other artefactual effects from the blood-oxygen-level dependent (BOLD) signal using the anatomical principal component-based noise-correction
'aCompCor' strategy (Behzadi et al., 2007; Muschelli et al., 2014; Whitfield-Gabrieli and NietoCastanon, 2012) Due to technical problems with the recording equipment, maternal behaviour data were missing for two children on mind-mindedness and for one child on autonomy support. In line with recommendations for best practices for handling missing data, multiple imputation was employed to estimate these three missing values (Enders, 2010) 
using the Markov Chain Monte
Carlo procedure (Geyer, 1992) in SPSS software version 24.0 (IBM Corp., Armonk, NY). As per recommendations, 10 imputations were used and then averaged to maximise the precision of imputed data (Enders, 2010; Graham, 2009 ). The imputations were performed based on the original 64 families using child sex and age at each visit as well as parental age and education at the time of recruitment as predictors.
ROI-to-ROI resting-state fMRI analyses
ROI-to-ROI functional connectivity analyses were performed using the CONN toolbox. Eleven
ROIs corresponding to the key nodes of DMN, CEN and SN consistently described in the literature (Buckner et al., 2008; Menon, 2011; Seeley et al., 2007; Uddin, 2015; Uddin et al., 2011) were selected from the predefined network atlases implemented in the CONN toolbox.
These network atlases were derived from CONN's independent component analysis (ICA) of 497 young healthy adults from the Human Connectome Project (HCP) dataset. Thereby,
individual connectivity maps were created between and within regions of the DMN, CEN and SN (see Figure 1 and Table 2 for detail on seed regions and coordinates). Spherical ROIs were defined with a radius of 10 mm.
At the first level of analysis, bivariate Pearson's correlations were calculated between the mean BOLD signal time-courses of each pair of ROIs. This provided a ROI-to-ROI functional connectivity map (11 x 11 connectivity matrix) for each participant, in which positive and negative correlation coefficients defined positive and negative functional connectivity, respectively. The six motion parameters (3 translations, 3 rotations) estimated during the realignment step of pre-processing were added as nuisance regressors. Then, Fisher's r-to-z transformation was applied to allow for parametric testing.
For the second-level analysis, multiple regression was performed between ROI-to-ROI functional connectivity maps and each indicator of maternal behaviour (mind-mindedness and autonomy support scores separately, to guard against Type-II error in the context of the modest sample size) controlling for child age and sex as well as maternal education. Analyses were masked using a GM mask based on the means of the GM, WM and CSF normalized images (meanGM, meanWM and meanCSF) and calculated with the following formula:
The statistical threshold was set at a false discovery rate (FDR; Chumbley et al., 2010) corrected p < .05 at seed level to guard against Type-I error.
Table 2
Seed region coordinates in the default mode network (DMN), the salience network (SN), and the fronto-parietal central executive network (CEN) selected from the predefined networks atlas implemented in the CONN toolbox 
A C C E P T E D M
A N U S C R I P T
Results
Predicting functional connectivity from mind-mindedness
In the first ROI-to-ROI multiple regression analysis we examined whether mind-mindedness at 13 months of age predicts functional connectivity between DMN, SN and CEN nodes at 10 years Abbreviations: AI, anterior insula; dACC, dorsal anterior cingulate cortex; vmPFC, ventromedial prefrontal cortex.
*These seeds are medial.
Discussion
The goal of this longitudinal study was to investigate whether normative variation in the quality of early maternal behaviour, namely mothers' mind-mindedness and autonomy support during mother-infant interactions, predicts intrinsic functional connectivity within and between the DMN, SN and CEN in late childhood. Although our findings require replication in a larger sample to be generalised, we observed that better quality maternal behaviour during infancy, as indexed by higher levels of mind-mindedness and autonomy support, predicted stronger negative connectivity (anti-correlation) between regions of DMN (vmPFC and right angular gyrus) and SN (AI and dACC) at 10 years of age. These findings are the first to provide preliminary evidence coherent with the notion that variation within the normative range of maternal behaviour may have a long-lasting impact on the functional connectivity between large-scale brain networks.
4.1. Stronger DMN-SN anti-correlation reflects more mature (adult-like) functional connectivity Large scale brain networks, including the DMN and SN, can be readily identified in infancy, but are incomplete and fragmented at that time (Gao et al., 2013) . They undergo protracted maturation throughout childhood and adolescence characterized by significant reorganization and strengthening of their connections, which spans both within-and across-network links (Fair et al., 2009; Gao et al., 2013; Solé-Padullés et al., 2016; Uddin et al., 2011) . Children have weaker functional connectivity within and between the DMN and the SN than adults (Uddin et al., 2011) . Across development, the default network and task-positive networks -sets of regions activated during attention-demanding cognitive tasks, including SN and CEN regions (Fox et al., 2005 ) -become increasingly more inversely coupled (Barber et al., 2013; Chai et al., 2014 ; Sherman et al., 2014) . Chai and colleagues (2014) found positive correlations between DMN and task-positive brain regions in children, which then become somewhat negatively correlated in adolescents, and more strongly anti-correlated in adults (Chai et al., 2014) . Based on these developmental trends, our results, although preliminary, appear to indicate that brain connectivity is more mature in children whose mothers were mind-minded and autonomy supportive during infancy. Hence, positive early maternal behaviour may promote DMN-SN connectivity development, reflected by stronger DMN-SN anti-correlation in late childhood.
Positive maternal behaviour provides social experiences that may promote DMN-SN connectivity development
Positive maternal behaviour may provide children with social experiences and situations that promote the development of socio-emotional abilities together with DMN-SN connectivity maturation. Mind-minded caregivers promote children's socio-cognitive development by presenting children with appropriate alternative perspectives on reality in such a way that they can be readily assimilated (Fernyhough, 2008) . Autonomy support promotes exploratory behaviour and self-regulatory skills that can represent precursors to child social adaptation (Frodi et al., 1985; Grolnick and Farkas, 2002; Meuwissen and Carlson, 2015; Whipple et al., 2011) .
The strength of connectivity between the AI, ACC and vmPFC was predicted by mindmindedness and autonomy support in the present study. These regions are involved in social processes such as emotional perspective taking, prosocial behaviour, theory of mind, and empathy (Beauchamp and Anderson, 2010; Bernhardt and Singer, 2012; Blakemore, 2008) .
Furthermore, studies in adults using Granger causality analysis to characterize the dynamics and directionality of functional connectivity indicate that regions of the SN causally influence regions of the DMN during social interactions (Rilling et al., 2008) and moral reasoning (Chiong et al., 2013) . A recent study with 2 year-old children reported significant concurrent associations between DMN-SN connectivity and joint attention, a socio-cognitive construct which is understood to lay the foundation for mentalizing processes such as theory of mind (Eggebrecht et al., 2017) .
The exact mechanisms that underpin the link between early maternal behaviour and subsequent brain connectivity are not known. Although speculative, it is possible that this occurs via experience-dependent mechanisms that regulate synaptogenesis and synaptic pruning (i.e., micro mechanisms that underlie the maturation of brain networks). Through experiencedependent processes, synaptogenesis and synaptic pruning appear to occur especially in brain regions involved in the processing of information arising from events experienced by the individual (Cicchetti, 2016; Greenough et al., 1987) . Children whose mothers provide higher mind-mindedness and autonomy support are likely to be more frequently engaged in stimulating emotionally significant social interactions, which may result in co-activation of brain regions involved in socio-emotional processing, in turn strengthening their connectivity. As such, we hypothesize that mind-mindedness and autonomy support could promote the development of DMN-SN connectivity via increased frequency of exposure to positive social experiences in emotionally salient contexts, such as those often characterizing parent-infant interactions.
Positive maternal behaviour provides successful emotion regulation that may promote DMN-SN connectivity development
Positive maternal behaviour may also encourage children to appropriately respond to and regulate emotions, thereby promoting DMN-SN connectivity development. The quality of mother-infant interaction is conceptualized as an important antecedent of the developing child's ability to regulate his or her own emotions (Cole et al., 2004) . When parents comment
appropriately on their infant's mental states (mind-mindedness) or provide a sense of autonomy to their child (autonomy support), they act as external regulators of their child's affect and behaviour and this facilitates child self-regulation (Grolnick and Farkas, 2002; Grolnick and Ryan, 1989; McMahon and Bernier, 2017) .
In adults, inter-subject variation in the strength of anti-correlation between task-positive (grouping SN and CEN regions) and task negative (i.e., DMN) networks is significantly related to individual differences in cognitive control (Kelly et al., 2008) , which is involved in cognitive affective regulation processes such as reappraisal (Ochsner et al., 2012; Ochsner and Gross, 2005) . It has been suggested that the functional maturation of the SN is a critical process by which human brain networks reconfigure and mature during development to support more flexible cognitive control processes (Menon, 2013; Uddin et al., 2011) . The protracted maturation of the prefrontal cortex and the process of fine-tuning neural connections in the brain may underlie children's improvements in emotion regulation over time (Kovacs et al., 2008) .
Thus, we speculate that mind-minded and autonomy supportive caregivers are likely to provide their child with frequent experiences of successful emotion regulation that in turn, can promote the development of connectivity between the DMN and the SN through experience-dependent processes.
4.4. Direct or indirect relation between early maternal behaviour and child brain connectivity?
The proposition that the relation between early maternal behaviour and subsequent brain connectivity may occur via experience-dependent processes, presented above, could reflect both direct and indirect associations. Indeed, experiences promoted by mind-minded and autonomy supportive mothers (e.g., social experience and stimulation, external regulation of child affect) 
Implications for clinical conditions
Throughout childhood, weak cross-network signalling is a source of vulnerability for developmental psychopathologies (Menon, 2013) . Alteration of the connectivity within and between the DMN and the SN has been implicated in various developmental and psychiatric conditions (Barkhof et al., 2014; Menon, 2011; Peters et al., 2016) , such as depression Pannekoek et al., 2014) , attention deficit hyperactivity disorder (Choi et al., 2013; Tomasi and Volkow, 2012) , and autism spectrum disorders (Jann et al., 2015; Supekar et al., 2013) , all of which have been shown to affect socio-emotional processes either primarily or secondarily (Bora and Pantelis, 2016; Cole et al., 2008; Leekam, 2016; Pfeifer and Peake, 2012) .
There is now ample evidence, including meta-analytic data (Bakermans-Kranenburg et al., 2003) , that the quality of parenting behaviour can be improved using evidence-based intervention, and emerging findings are beginning to suggest that mind-mindedness (Schacht et al., 2017) and autonomy support (Joussemet et al., 2014) in particular can be effectively promoted using brief focused interventions. In turn, such parenting interventions show beneficial effects for child functioning (Guttentag et al., 2014) . As such, the current results suggest that it may be beneficial to address poorer quality parenting behaviour early in development, given the A C C E P T E D M A N U S C R I P T potential for better quality caregiving relationships to translate to healthy brain development and optimal socio-emotional abilities.
Limitations
The current results must be interpreted in the context of some limitations. First, the links between maternal behaviour and child brain connectivity may be underestimated because of the limited statistical power related to the modest sample size and the use of several covariates. Hence, these results should be considered preliminary, and need to be examined in larger samples to test their generalizability and robustness. Second, although longitudinal, the non-experimental design of this study precludes causal inference and determination of directionality. As hypothesized by Bernier and colleagues (2016) , it is probable that the links between parenting and child development are bidirectional, such that positive parenting promotes infant brain development, and infants whose brains are more mature trigger better quality of parenting. Finally, we did not assess father behaviour, which may also influence the developing brain given that paternal mindmindedness and autonomy support make unique contributions to children's social and cognitive development (Gagné et al., 2018; Meuwissen and Carlson, 2015) .
Conclusion
This 9-year longitudinal study suggests that the quality of maternal behaviour during motherinfant interactions predicts stronger DMN-SN anti-correlation in late childhood, which is thought to reflect more mature functional brain connectivity. This is consistent with classic (Greenough et al., 1987) and recent propositions (Cicchetti, 2016) , with animal studies (see Meaney, 2001) , and with research on children who experience severely adverse conditions (see Belsky and De Haan, 2011) , suggesting that early relational experiences may have a critical impact on child A C C E P T E D M A N U S C R I P T brain development. The findings of this study provide rare evidence that normative variation in parenting quality may contribute to the development of functional connectivity in typically developing young children. Future studies should aim to explore the neurophysiological mechanisms that may account for these parenting effects, and whether these effects, if they are replicated and found to be robust, translate into meaningful differences in child behaviour, particularly social competence and emotion regulation. 
